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An investigationwasmadeto determinetheeffectof singleandmul-
tipletwo-dimensionalroughnesselementsonthetemperaturedistribution,
thepressuredistribution,andtheheattransferatMach3.1. A hollow
cylinderanda cone-cylindermodelwereused..
Abruptperturbationsinsurfacetemperatureoccurredintheneighbor-
hoodoftheelementswhenthetiundarylayerwasturbulent,butwere
absentwhenitwaslaminar.Thetypeofperturbationdependedonthe
elementshape,forward-facingwedgesgivingthelowest emperaturesimmed-
iatelybehindthe
turbulentboundary
waslessthanthat
elementandforwsrd-facingstepsthehighest.Fora
layertheheat-transferratebehindthewedgeelement
obtainedimmediatelyaheadoftheelement.
INTRODUCTION
Thisreportisanexkensionoftheinvestigationfreference1, in
whichtheequilibriumsurfacetemperatureof aninsulatedbodyhaving
laminar,transitional,andturbulentflowwasstudied.Thepreviousin-
vestigationconsideredtheeffectsof singlecticularwireroughnessele-
mentsonthesurfacetemperaturedistributiona hollowinsulatedcyl-
inderhavingitssxisalinedwiththeairflowatMach3.1. Reference1
foundthatthesurfacetemperaturedistributioni theneighborhoodf a
roughnesselementhadcertaincharacteristicswhichdependedonwhether
theboundarylayerovertheelementwasIaminar,transitional,ortur-
bulent.Whentheflowwaslaminar,no effectonthesurfacetemperature
nesrtheelementcouldbe found;but,whentheflowwasturbulent,dmupt
perturbationsinthesurfacetemperaturew reobserved,theeffectof
whichetiendedappreciabledistancesdownstreamof theelements.
Aftertheseobsemationsweremadeitwasnaturalto speculateasto
thepossibilityof controllingtherecoverytemperatureoverextended
portionsofthemodelwhentheflowwasturbulentby properlyshapingthe
—
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roughnesselementorby usingmultiplelements.Inaddition,theheat
transferredtothebodycouldperhapsbe reducedbytheuseof suchrough-
nesselements. F
Thepresentinvestigationwasundertakentogivepreliminaryanswers
to thesequestions.Thehollow-cylindermodelcouldnotbe usedto obtain
heat-transferdata;therefore,forthisphaseofthetestprograma smaller-
diametercone-cylindermodelwasused.Alltestswereconductedinthe
Lewis1-by l-footvariableReynoldsnumberwindtunnelatMach3.1,
whichisthesametestfacilityusedinreference1.
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SYMBOLS
pressurecoefficient,(P- P=)/q=
specificheatatconstantpressureforair
specificheatat constantpressureformonelmodel
heat-transfercoefficient(dimensional)
thermalconductivityofmonelmodel
staticpressure
staticpressureoffreestream
heat-transferrate
free-streamdynamicpressure
Stantonumber,dimensionlessheat-transfer
coefficient= h
Pm%cp,a=’*= -
adiabaticwalltemperature
stagnationtemperature
wallsurfacetemperature
free-streamtemperature
time,sec
free-streamvelocityaheadofmodel
—
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x distancefromtip
n temperature-recovery
3
factor,(Tw- T~/(Tt- T-)
V- free-streamkinematicviscosity
% densityofmonelmodel
P= free-streamirdensityaheadofmodel
aald
+ % thicknessofmodelskin
APPARATUSANDPROCEDURE
ModelsandRoughnessElements
Thehollow-cylindermodelusedinthepresentinvestigation(fig.
l(a))hada 5.31-inchoutsidediameterandwas27.4incheslong.The
+j thicknessoftheleadingedgewasabout0.001inch,whichis sufficiently
g sharptohavenegligiblebluntnesseffectsonthelocationoftransitionandontheboundsry-~erdevelopment.Theouterskinwasof0.032-inch
stainlesssteelandwasthermallyinsulatedfromtheflowthroughthe
2 interiorofthecylinder.Thesamemodelwasusedinthetestsreportedinreference1.
* The9~0-included-anglecone-cylindermodelof1.75-inchoutside
diameterand18-inchlengththatwasusedfortheheat-transfermeasure-
mentsisshowninfigurel(b). Thewallofthecone-cylindermodelwas
constructedof “K”monelof0.062-inchnominslthickness.Eea.transfer
betweenthemodelandthestreamwasobtainedby firstenclosingthemodel
withinshoesintowhichliquidnitrogenwaspumped.Afterthemodelwas
cooledby theliquidnitrogento a temperatureof -343°F,the&oes were
sprungapartandretracted,exposingthemodeltotherelativelywarm
(Tt. ~o F) tunnel~rstre~. ‘Theconstructionfthecone-cylinder
modelandtheprecookingapparatusaredescribedindetailinreference
2. Bothmodelsweretestedina streamhavi
Y
a Machnumberof 3.1and
a unitReynoldsnumber angeof1XL05to 7x1O perinch.
Forthepresentests,wireelements0.080inchhighhavingcirculer,
wedge,anddiamondcrosssections> andone0.160-inch-highwedgewere
used. Theseelements,showninfigure2,includethoseforboththe
hollow-cylinderandthecone-cylindermodels.MostofWese elements
weremadeof carbonsteel.Surfacefinishesontheelementsaswellas
onthemodelswereapproximatelyof 8-microinch(average)irregularity.
The0.080-inchelementscorrespondtothelargestroughnesselements
l testedinreference1.
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ReductionofData l
Equilibriumsurfacetemperaturesonthehollowcylinderwereobtainec .
fromtheelectricaloutputofthestainless-steel- constantanthermo-
b
couplesinthemodelsurface.
recordingpotentiometer,which
factorsonthehollowcylinder
Outputsweremeasuredon a self-balancing
—
.—
gaveaccuraciesof
werecomputedfrom
5c0.5°F. Recovery
thefollowingequation:
(1)
where %’ T=,and Tt arethesurface,free-stream,andtotaltempera-
tures,respectively.Errorsinrecoveryfactorwerelessthan0.002.A
free-streamMachnumberof3.1wasusedinthecalculations.
Heat-transfermeasurementsinthevicinityofthesinglewedgeele-
mentweremadefromtemperature-timerecordsobtainedfroma multichannel
recordingoscillograph.Thesurfacetemperaturescomputedfromthese
recordswereaccuratetoso F atthelowtemperaturesand~“ F near
equilibrium.Theequationgoverningtheheatba@nceatanypointonthe
cylindricalpartofthemodelisgivenby
a%
‘total= cp,bpb~
= qconvected+ ‘conducted
= h(Taw- TJ+k@$
MeasuredvaluesoftheadiabaticwalltemperatureTaw wereusedwhen
theflowwasturbulent,theoretic&1valueswhentheflowwasltiinar.
Theheat-transferresultspresentedhereinarein
Stantonumber,whichisdefinedby theequation
St= h . %ota3 - %onductedP=u=cp,a Paumcp,a(Taw- T.J
termsofthe
(3)
r
(2)
TheerrorintheStantonumbercalculationisanalyzedinreference3;
thisanslysisisvalidforthepresentinstancexceptfortheeffectof
conduction.Reference3 statesthatthemaximumpossiblerrorinStanton
numberis-&16percentwhenlongitudinalconductionisnegligible.Inthe
presentinvestigationlargegradientsin surfacetemperaturesrepresent
NACA
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causea considerablequantityofheattobe conductedinthemodel
andhencemakeitnecessaryto includeanestimateoftheconducted
inequation(3). Sincea calculationftheconductedheatinvolves
evaluationof theseconderivativeofthetemperaturedistribution,it
isdifficultto obtainan accuratestimate.Theerrorinconductedheat,
basedonvariouspossiblefairingsof thetemperaturedistribution,can
be ashighas 100percent.Intheworstcase(whentheflowislaminar
ahesdoftheelement)theconductedheatcanbe asmuchasone-thirdof
thenetheatflow.Whentheflowisturbulentaheadoftheelement,
however,theheatflowbyconductionintheskinisa muchsmallerpart
ofthenetheatflow,anda muchsmallererrorintheStantonumhr
shouldresult.Sincetheflowdownstreamoftheelementisalwaystur-
bulent,errorsinconductedheattransferthereshouldgeneraJJ.ybe small.
RESULTSANDDISCUSSION
RecoveryTemperatures
Recovery-temperaturedistributionforsmoothmodel.- Distributions
oftemperaturecoveryfactorarepresentedinfigure3 forthesmooth
hollow-cylindermodelatfourvaluesofunitReynoldsnumber.Peaktem-
peraturesat x = 3.7,5.4,7.4,and12 inchesindicatepointsoftransi-
tionfromlaminsrtoturbulentflowas definedInreference1. These
recovery-factordistributionsaretobe usedasreferenceswithwhichthe
distributionsobtainedwithvsriouselementscanbe compsred.Pointsto
theleftof thetemperaturep akssreina predominantlyaminaregion,
whereasthoseto therightareinturbulentflow. Theregioninthe
vicinityofthepeaksisconsideredtransitional.
Effectofelementshape.- Recovery-factordistributionsobtained
withtheseveralbasicelementshapesshowninfigure2 sxepl~ttedin
figure4 atunitReynoldsnumbersof6.8,3.5,1.9,and1.OX1O5perinch.
TheseunitReynoldsnumberscorrespondcloselyto thetestconditions
usedinobtainingtheresultshowninfigure3. Partsof therecovery-
factordistributionsoffigure3 ereindicatedforreferencepurposesby
a heavysolidline.Elementswerelocatedator near x = 12 inches,the
exactpositionbeingindicatedinthekeyof figure4.
A studyoffigures4(a)to (c),inwhichtheelementwasplacedin
a turbulentboundarylsyer,showsthatthetemperatureiseaheadof and
overtheelementcanbe increasedby useof a forwsrd-facingstepandcan
be keptnesrthenormalturbulentlevelby useof a forward-facingwedge.
Thecylindricalwireelementusuallyhasan intermediateeffectbetween
thesetwoextremes.
* Thetemperaturevariationsdownstreamoftheelementcanbe divided
intotworegions.Thefirstoccurredimmediatelydownstreamof the
&
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element,wherethelergestemperatureduction(lowestrecoveryfactor)
wasreachedwitha forward-facingwedgeandtheleastwitha forward-
facingstep. Thesecondregionoccurredownstreamof x = 15 inches,
wheretheover-alltemperaturel velwasdepressedbelowtheundisturbed
(noelement)turbulentvalueregardlessofelementshape.Thelengthof
thissecondregioncannotbe ascertainedfromtheresultshowninfigure
4. As showninfigures3(a)and(d)ofreference1,thisregionextends
to about12 inchesdownstreamofthecylindricale ements.Anotherfeature
of figures4(a)to (c)isthatthelargestrecoverytemperatureductions
werereachedatthehighestunit-Reynoldsuumberandtiththelargest
forward-facingwedge.Thisfactseemsto indicatethattheratioofele-
mentheighttoboundary-lWerthicknessissignificant,aswasalsodemon-
stratedwithcylindricalwireelementsinreference1.
Therecoveryfactorshowninfigure4(d)wereobtainedwhenthe
elementwasplacedatthenaturaltransitionpoint,x = 12 inches.At
thispositionthepresenceoftheelementdidnotaffecthelocationof
transitionbutincreasedthepeakrecoveryfactor.Allelementshapes
increasedthesurfacetemperatureimmediatelyaheadoftheelement,and
ata sufficientdistancedownstreamreduceditbelowthesmoothsurface
temperaturel vel.Althoughitisnotapparentfromthefigures,itshould
be recalledfromreference1 thatwhenLaminexflowexistedovertheele-
mentnoperturbationi surfacetemperatureintheneighbcn’hoodfthe
elementoccurred.(Inthiscasetheprimaryeffectwasthereductionof
transitiondistance.)
Therecovery-factordistributioni theneighborhoodftheelements
maybe thoughtohavea doubtfulsignificanceb causeofthelargetem-
peraturegradientsandpresumablylsxgeattendantheat-transferrates.
However,thisdoesnotpresentanyseriousproblems,as shownbyunpub-
lishedtestsrunon low-conductivityFiberglascylindershells.For
equivalentelementsizesandshapestherecoveryfactorsmeasuredonthe
low-conductivitymodeldifferedonlyslightlyfromthosereportedherein.
Simultaneouspressureandtemperaturem asurementsintheneighbor-
hoodof anelement.- withrespecto surfacetemperatureductionthe
forward-facingwedgewasthemosteffectiveofthevarioushapestested.
Thestatic-pr~ssur=distributionsneartheelementwerealsomeasuredfor
thiselement.Theseresultsarepresentedinfigure5 forfourvaluesof
theunitReynoldsnumberwiththe0.08-inch-highwedgeelement12inches
fromtheleadingedge.
Whentheflowwasturbulent(figs.5(a)to (c))therewasan abrupt
pressureriseattheforwardedgeoftheelement,incontrastothe
transitionalcase(fig.5(d))wheretherewasaneffectofpressurefeed-
backto a distanceof 1/2inchaheadoftheelement.Thisfeedbackis
causedby separationaheadofthewedge.Also,thepressuresreturnedto
normalmorequicklywhentheflowwasturbulentthanwhenitwastransi-
tional.Thelowestpressurecoefficientwasreachedforthelargestunit
.
v
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Reynoldsnumberwhentheratioofboundary-layerthicknessto element
heightwassmell.ThesepressuretrendswithReynoldsnumberhavealso
beenobservedinabase-pressureinvestigation(ref.4).
Oneofthemostoutstandingcharacteristicsndicatedbyfigure5 is
therapiditytithwhichthepressureperturbationbecomesmoothcompared
withthetemperaturep rturbation.Apossiblecauseforthemoreextended
temperaturep rturbationwouldappeartobe conductioninthemodelskin,
as suggestedinreference1. Thissuggestioniscontradictedbythemore
recent emperaturem asurementsmadeon a low-conductivityFiberglasmodel
(discussedarlier),whichshowedthattheskinconductivityhadasmsll
effectonthetemperaturedistribution.Thelongdistancesdownstreamof
theelementforwhichdepressedtemperaturesxistareprobsblycausedby
a distortionoftheturbulent-boundary-layerprofileinpassingoverthe
element.
Effectofelementspacin~.- Theeflectof spacingtwo0.080-inch
wedgeelementsintandemwiththepurposeofextendingthesurfacetem-
peraturereductionovera greaterlengthis showninfigure6. Forthis
particulartesta lsrgetemperaturedropbehindeachelementwasrealized
ifthespacingfromoneelemento thenextwasat least2 inches.At
spacingsgreaterthan2 inchestheelementstendedto actindependently.
s For smallerelementspacingstheflowovertheelementstendedtobridge
thegapbetweenthem,resultingina smallertemperaturedropafterthe
firstelement.Althoughthesecharacteristicsarequotedfortestscon-
* ductedata unitReynoldsnumberof *out 6.5X105perinch,substantially
thessmetrendswereobservedatlowerunitReynoldsnumberswhenthe
flowwasturbulent,whichindicatesthattheeffectofelementspacing
isalmostindependentofboundary-layerthicknessfortherangeof condi-
tionsinvestigated.
Figure7 showstheeffectof a seriesofO.160-inch-highelements
spaced2 inchesapart,allintheturbulent-boundary-lsyeregion.For
thiscasetherecoverytemperaturewas&pressedto an averagevaluevery
nearthelaminarvalueovertheregionwheretheelementswereplaced.
Itthusappearsthatthetemperatureductioncanbe repeateda great
nuuiberoftimeswithoutreducingtheeffectivenessof theelementsin
depressingthetemperaturel vel.It shouldbe mentionedthatthedata
pointsappearingdirectlyabovetheelementsinfigure7 wereobtained
by thermocouplesonthewallsratherthanon theelements.An important
questionthatremainstobe answerediswhethertheheattransferaswell
asthesurfacetemperatureisreduced.
&at Transfer
l
Eeat-transfermeasurementsweremadein
O.080-inch-highwedgeelementlocatedon the
&
thevicinityof a single
cone-cylindermodelas shown
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infigurel(b).Convectiveheat-transferrateswerecomputedby correct- l
ingthetotalheatflowforconductionfromequation(2)andthetempera-
turedistributionsshowninfigure8. Theconvectiveh attransferswere .?
convertedto Stantonumbersby useofequation(3)andarepresentedin
figure9.
—
Figure9(a)presentstheStantonumberas a functionof theReynolds
numberu=x/v=whentheflowaheadoftheelementwaslsminar,andfig-
ure9(b)whentheflowaheadoftheelementwasturbulent.Laminarflows
existedwhenthesurfacetemperatureontheconecylinderwaslowenough
to stabilizetheboundarylayerandpreserveleminarflowsupto theele-
ment. Suchwasthecaseforalmost hefirst30 secondsofthetest.
Thereafter,as shownby figure9(b),theflowsheadoftheelementwas
turbulent.Downstreamof theelementheflowwasalwaysturbulent.
Figure9(a)showsthatduringthefirst25secondsthee~erimental
Stantonumberswereaboutmidwaybetweenthetheoreticallaminarcone
andcylindervaluesaheadoftheelement.Behindtheelementheheat
transferincreasedtothetheoreticalturbulentflat-platevalue.The
turbulentheoreticalvalueshownisfora wallto streamtemperature
ratioof 1.6,whichisanaveragevalueforthetimeintervalof 30 sec-
ondsconsideredinfigure9(a).
Figure9(b)showstheStantonumberwhentheflowaheadof theele- ?
mentwasturbulent.Theheattransferinthiscasewasabout15percent
lowerbehindtheelementhanitwasaheadoftheelement.Theoretical
turbulentStantonumbersforanaveragewallto free-streamtemperature w
ratioof 2.6arealsoindicated.Theresultsoffigure9 thereforeshow
that,earlyintimewhentheflowaheadOYtheelementislaminar,the
elementpromotesturbulentflowwithattendanthighconvectiveh at-
transferates.Whentheflowisturbulentsheadoftheelement,however, ‘“–
theheattransferbehindtheelementisreducedslightlybelowthetur-
bulentvalue.
.
Intheprecedingcalculationsthepresenceofthesolidwedgeelement
wasnotconsidered,eitherinthecalculationfthetotalheattransfer
ortheconductedheattransfer.Itwouldbeexpectedthatthepresence
oftheelementmighttendto reducetheheattransferbehindtheelement.
Themagnitudeof thisheat-transferreductionwouldbe difficultto com-
puteinviewoftheuncertainthermalconnectionbetweentheelementand
themodelskin. In alllikelihoodthereductionwouldbesmall,partic-
ularlyatthemostdownstreamstation,sincetheelementmassisrela-
tivelysmallcomperedwiththatofthemodelwall.
SUMMARYOFRESULTS T
Thefollowingresultswereobtainedfroma wind-tunnelstudyofthe
effectofroughnesselementsonrecoverytemperaturesandheattransfer
on a hollowcylinderanda cone-cylinder: b
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9 1.Abruptperturbationsin surfacetemperatureoccurredintheneigh-
borhoodoftheelementswhentheboundarylsyerwasturbulentbutwere
* absentwhentheboundarylayerwaslaminar.Thetypeofperturbationdependedontheelementshape;forward-facingwedgesgavethelowestem-
peratureimmediatelybehindtheelement,andforward-facingstepsthe
highest.
2.Thepresenceofa singlelementcauseda verydxruptperturbation
inpressurethatwascompletelysmoothedoutwithin5 or 10elementheights
aCnA whentheboun&rylayerwasturbulent.
+
3.Multiplewedgeelementsretainedtheirfulleffectivenessinre-
ducingthetemperatureatwedgespacingsgreaterthan2 inches.M limi-
tationwasfoundtothenumberofwedgesthatcouldbeplacedintandem
andyetretaineffectivenessindepressingthesurfacetemperature.~
maximumnumberofwedgestestedintandemwasfive.
y
?5 4.Whentheflowatthewedgewasturbulent,theheat-transferratebehindthewedgewasdiminishedcomparedwiththatjustupstream.
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